Telomeres, which contain tandem TTAGGG repeats, are a special DNA-protein complex located at the end of linear eukaryotic chromosomes[@b1][@b2]. Telomeres play a vital role in maintaining genome stability as they help to disguise and protect the chromosome ends[@b3][@b4][@b5]. Due to the end replication problem of linear chromosomes, telomeres are shortened each time when a cell divides[@b6][@b7]. After several cell division, telomeres are shortened to a critical length, which triggers the DNA damage response. Then the cell stops proliferating, gets into replicative senescence and eventually loses viability[@b8][@b9][@b10]. This is what happens in most human somatic cells. However, telomere length can be maintained in some other cell lines, for example, stem cells, germ cells and most importantly cancer cells. In 85% of the cancer cells, telomere length is sustained by a ribonucleoprotein complex named telomerase[@b11]. Telomerase can synthesize and elongate telomeric repeats using its own RNA component as the template[@b12][@b13][@b14]. While the remaining 15% of the cancer cells maintain their telomere length through alternative lengthening of telomere (ALT)[@b15]. Telomere maintenance provides these cells unlimited proliferative ability and immortality. Since telomeres of normal somatic cells are meant to undergo progressive shortening with increasing age, abnormal variation in telomere length is usually considered as a marked sign of the occurrence of diseases[@b16]. For example, some premature ageing syndromes show accelerated telomere loss while cancer cells exhibit no obvious telomere loss. As a consequence, measuring telomere length will provide important information for the diagnosis and therapeutics of human diseases[@b17].

Conventional telomere length measurement method includes Southern blot[@b18][@b19], quantitative PCR (qPCR)[@b20][@b21], hybridization protection assay (HPA)[@b22] and fluorescence *in-situ* hybridization (FISH)[@b23][@b24]. In southern blot, genome DNA is first digested by restriction endonuclease (e.g. Hinf I and Rsa I) to produce telomere/terminal restriction fragment (TRF). Then the digested genome DNA is separated by electrophoresis. TRF is visualized by hybridization with specific radioactive or fluorescent probes[@b25]. In HPA, genome DNA is directly hybridized with acridinium ester-labeled probe, and telomere length is assessed by chemiluminescence signal[@b22]. In qPCR, PCR is introduced to amplify the target sequence, thus much less genome DNA is required in the assay[@b26][@b27]. While in FISH, fluorescent telomere specific peptide nucleic acid (PNA) probe is used to hybridize *in-situ* with telomere sequences in the cell nucleus[@b28][@b29] and telomere length is measured using a fluorescence microscope. These methods have their own unique properties. For example, Southern blot is the most widely used method and is employed as the reference for HPA, FISH etc. It provides the absolute length of telomeres. HPA is fast and does not require highly purified and integrated genome DNA. qPCR only needs a small amount of cell/DNA sample. While telomere length acquired in other methods is an average of several hundreds (even millions) of cells, FISH can investigate telomeres in a single cell or a single chromosome[@b29][@b30]. Although these telomere length measurement strategies have made impressive progress, they still suffer from some unsatisfactory shortcomings, such as complicated operation procedures, relatively low accuracy and high cost. Consequently, it is still necessary to develop other telomere length measurement methods.

Considering all the mentioned above, here, a novel SERS based optical telomere length measurement protocol is presented. SERS is a fascinating phenomenon observed on nanoscale roughened metallic surfaces, where Raman scattering of adsorbed molecules is drastically boosted by the strong electromagnetic field around the metallic surfaces or charge transfer between molecules and the metal substrates[@b31][@b32]. SERS can enhance Raman signals by a factor of more than 10^6^[@b33][@b34]. The excellent enhancing ability of SERS ensures an extremely high sensitivity of SERS based analysis, even on single molecule level[@b35][@b36][@b37][@b38][@b39]. The unique "fingerprint" spectral property of SERS makes it possible to track the analyte in complicated biological environments. As a result, SERS is widely used in biological detections[@b40]. The detection procedures of the presented SERS protocol (shown in [Figure 1](#f1){ref-type="fig"}) can be described as follows: (1) Genome DNA is extracted from the cells. (2) Two SERS probes, i.e. telomere specific single strand DNA probe (Telo-probe) and centromere specific single strand DNA probe (Centro-probe) are added to the extracted genome DNA. Telo-probe and Centro-probe are labeled with Raman molecules 6-Carboxytetramethylrhodamine (TAMRA) and Methylene Blue (MB), respectively. They can hybridize specifically with telomeres or centromere. (3) After the two SERS probes have hybridized with genome DNA, magnetic capturing nanoparticles (NPs) are added to capture and remove the excess SERS probes. (4) Genome DNA hybridized with Telo-probe and Centro-probe is dropped onto a SERS substrate and subjected to SERS measurement. (5) The SERS spectra is collected and analyzed to get telomere length information. In the experiments, one normal cell (MRC5) and two cancer cell (HeLa and LNCaP) lines are used to test the feasibility of the proposed protocol. Telomere length variation in the proliferation of MRC5 cells is investigated as well as the influence of telomerase inhibitor on the telomere length of cancer cells.

Results
=======

Successful fabrication of the SERS substrate is a prerequisite in SERS based telomere length measurement. The SERS substrate is fabricated by assembling silver nanoparticles (Ag NPs) onto glass slide through electrostatic interactions. First, Ag NPs are synthesized. They are negatively charged due to the citrate ligand. Then positively charged amino groups are introduced onto the surface of glass slide by modifying with APTMS. After soaking the amino-functionalized glass slide into Ag NPs solution, Ag NPs can self-assemble onto the glass slide via the electrostatic interaction between Ag NPs and amino groups. [Figure 2 (a)](#f2){ref-type="fig"} shows the SEM image of the fabricated SERS substrate. As can be seen, Ag NPs are uniformly assembled in a quite large area. The average diameter of the Ag NPs is approximately 44 nm (see the [supplementary Fig. S1](#s1){ref-type="supplementary-material"}). Average surface coverage percentage of Ag NPs is estimated to be 18.3% by analyzing SEM images with Adobe Photoshop CS6 software. Typical gap size between adjacent Ag NPs is about 23 nm as determined by measuring 350 gaps between Ag NPs in SEM images using ImageTool software (see the [supplementary Fig. S2](#s1){ref-type="supplementary-material"}). Besides, about 14% of the Ag NPs are closely packed with each other (see the enlarged SEM image in [Figure 2(b)](#f2){ref-type="fig"}), resulting in Ag NP clusters. These closely packed Ag NPs can produce a lot of "hot spots", which help to better enhance SERS signals[@b41]. [Figure 2(C)](#f2){ref-type="fig"} is the TEM image of Ag NPs. The inset in [Figure 2(C)](#f2){ref-type="fig"} shows the photograph of a blank glass slide and a SERS substrate. Compared with the blank glass slide, the SERS substrate exhibits a more greenish color. The extinction spectra of the blank slide and SERS substrate are shown in [Figure 2(d)](#f2){ref-type="fig"}. The SERS substrate shows increased extinction coefficient compared with the blank slide. The changes in color and extinction spectra of the SERS substrate are caused by the assembled Ag NPs. Besides, an obvious extinction band peaked at around 379 nm is observed in the spectrum of the SERS substrate, which originates from the surface plasmon resonance (SPR) of Ag NPs. The SPR band of Ag NPs in aqueous solution peaks at 409 nm and undergoes a significant blue shift (30 nm) when the Ag NPs are assembled onto glass slide. This is due to the fact that Ag NPs in solution are surrounded by water while Ag NPs on glass slide are exposed to the air, and the refractive index of air is smaller than that of water[@b42][@b43][@b44]. A comparison between the SERS enhancing ability of the SERS substrate and bare glass slide is conducted, 10 μM Telo-probe solution is casted onto the SERS substrate or glass slide and the SERS spectra are collected. The results are shown in the [supplementary Fig. S3](#s1){ref-type="supplementary-material"}. Obviously, Ag NPs assembled SERS substrates provide strong SERS signals of Telo-probe (i.e. TAMRA), while no SERS signal is obtained from the blank glass slide, indicating that the SERS substrate can generate an excellent SERS enhancement. The above results prove that fabrication of the SERS substrate is successful.

After successful fabrication of the SERS substrate, the practicability of this protocol is tested. The working principle of the proposed method is demonstrated in [Figure 1](#f1){ref-type="fig"}. In the experiments, two Raman molecules labeled single DNA strands are used as the SERS probes to distinguish telomeres and centromere. Telomere probe (Telo-probe: 5′TAMRA-CCCTAACCCTAACCCTAA-3′) is labeled with TAMRA, while centromere probe (Centro-probe: 5′MB-AAACTAGACAGAAGCAT-3′) is labeled with MB. Telo-probe is complementary to the G-rich strand of telomeres and Centro-probe is complementary to a specific repetitive sequence in human centromere. Once mixed with genome DNA, Telo-probe and Centro-probe can attach to the genome DNA through hybridization with telomeres and centromere. When the hybridization between SERS probes and genome DNA is finished, magnetic capturing NPs (Telo-capture and Centro-capture) are added to capture and remove excess SERS probes. Telo-capture and Centro-capture are obtained by attaching thiolated Telo-probe capturing strand (5′-SH(CH~2~)~6~-TT**[A]{.ul}**TAGGG-3′) or Centro-probe capturing strand (5′-SH(CH~2~)~6~-TT**[TA]{.ul}**GCTTCTGTCTAGTTT-3′) onto gold coated magnetic nanobeads as described in the experimental section. Telo-probe capturing strand contains a mismatched base while Centro-probe capturing strand contains two mismatched bases (bold underlined bases). In this way, the binding affinity between SERS probes and genome DNA is larger than that between SERS probes and capturing strands. This ensures that Telo-capture and Centro-capture will only capture and remove excess unbound SERS probes, while the SERS probes already hybridized with genome DNA will remain attached. After removing the excess SERS probes by magnetic separation, the genome DNA attached with SERS probes is dropped on a SERS substrate for SERS spectra acquisition. With longer telomeres, more Telo-probes will attach to the genome DNA, resulting in a more stronger SERS signal of TAMRA. So SERS intensity can be used as the indicator of telomere length. While the telomere length varies from cell to cell, centromere length remains constant. Consequently, centromere length (or SERS signal of MB) can be used as an inner control for the calibration or normalization of telomere length, which can effectively eliminate inaccuracy caused by variation in genome DNA concentration[@b45][@b46].

In the experiment, TAMRA and MB are selected as the Raman labels for Telo-probe and Centro-probe, respectively. [Figure 3(a)](#f3){ref-type="fig"} is the SERS spectra of Telo-probe and Centro-probe obtained by directly casting the probe solutions onto a SERS substrate. All the observed SERS bands are typical for TAMRA and MB[@b47][@b48]. Specifically, the 628 cm^−1^, 1648 cm^−1^ peaks of TAMRA and 450 cm^−1^, 1622 cm^−1^ peaks of MB are clearly distinguishable from each other with no obvious overlapping. This allows robust discriminating between the SERS signals of Telo-probe and Centro-probe.

Next, telomere length measurement is conducted using genome DNA extracts of MRC5, HeLa and LNCaP cells as describe in the experimental section. The SERS spectra obtained are shown in [Figure 3(b)](#f3){ref-type="fig"}. In the blank control, genome DNA is replaced by PBS buffer solution. For genome DNA extracts, strong SERS signals are acquired. While for the blank control, negligible SERS signal is detected. This means that in blank control, with no genome DNA present, almost all the excess SERS probes are captured and removed by Telo-capture and Centro-capture, resulting in a very weak SERS signal which is probably caused by a few remanent SERS probes. On the contrary, with genome DNA present, SERS probes can hybridize and attach to the genome DNA, escape the subsequent magnetic separation, and eventually produce obvious SERS signals. The above experimental results confirm that the proposed "hybridize, capture and SERS measurement" procedures work well. Worth mentioning is that since Telo-probe, Centro-probe and genome DNA are mixed together in a single tube, the final SERS spectra contains both the SERS signals of TAMRA and MB. Fortunately, owing to the well separated SERS peaks of TAMRA and MB ([Figure 3(a)](#f3){ref-type="fig"}), distinguishing between the SERS signals of TAMRA and MB can be easily achieved.

After validating the feasibility of the SERS based protocol, telomere length measurement is performed using MRC5 cells. MRC5 is a normal cell line which lacks telomerase and ALT activity, so the telomeres of MRC5 undergo gradual shortening with increased cell division cycles, which renders MRC5 finite replicative capacity (42--46 population doublings, PD)[@b49][@b50][@b51]. Genome DNAs of MRC5 with different population doubling levels (PDL) are collected and subjected to the SERS based telomere length measurement assay. The results are shown in [Figure 4](#f4){ref-type="fig"}. MRC5 (1) represents primary MRC5 cells, MRC5 (2) represents MRC5 cells with 20 PD, while MRC5 (3) represents MRC5 cells with 40 PD. As can be seen from [Figure 4(a)](#f4){ref-type="fig"}, the 1648 cm^−1^ peak intensity decreases with increased PDL. This is reasonable since the telomeres of MRC5 shorten with increased PDL, thus less Telo-probe is hybridized and attached to genome DNA, resulting in weaker SERS signal. However, it is inappropriate to simply use the absolute intensity of Telo-probe as an indicator of telomere length, because changes in genome DNA concentration can also affect the amount of hybridized SERS probes as well as the SERS intensity. Hence, centromere is used as the inner control for the calibration of the telomere length. To better describe telomere length, telomeres-to-centromere ratio (T/C ratio = I~TAMRA-1648~/I~MB-1622~) is introduced. Here, I~TAMRA-1648~ represents the SERS intensity of Telo-probe at 1648 cm^−1^, while I~MB-1622~ represents the SERS intensity of Centro-probe at 1622 cm^−1^. Gaussian peak fitting of the SERS spectra is performed in Origin 8.5 to get the intensities of the SERS peaks. The left pannel in [Figure 4(b)](#f4){ref-type="fig"} shows the calculated T/C ratios obtained from the SERS spectra in [Figure 4(a)](#f4){ref-type="fig"}, which more vividly shows the gradual decrease in T/C ratio (i.e. telomere length).

To examine the reliability of the above results, FISH assay is conducted using two fluorescent PNA probes, that is, Cy3 labeled telomere PNA probe (TelC-Cy3: N-CCCTAACCCTAACCCTAA-C) and FAM labeled centromere PNA probe (Cent-FAM: N-AAACTAGACAGAAGCAT-C). Cell nucleus is stained by NucRed® Live 647 (Invitrogen). [Figure 5](#f5){ref-type="fig"} is the fluorescence images obtained in FISH assay. As can be seen, telomeres and centromere are successfully stained with the fluorescent PNA probes. Here, T/C ratio = I~TelC-Cy3~/I~Cent-FAM~ is used to describe telomere length, in which I~TelC-Cy3~ is the fluorescence signal intensity of telomeres and I~Cent-FAM~ is the fluorescence signal intensity of centromere. The calculated T/C ratios are presented in the right panel of [Figure 4(b)](#f4){ref-type="fig"}. Comparing the T/C ratios in SERS and FISH assays, it can be found that the results in SERS assay corresponds well with FISH assay. Both of them show the decrease in telomere length with increased PDL. The difference in the value of T/C ratios between SERS and FISH assays may be caused by several reasons. First, in FISH assay, T/C ratio is calculated from the images of only a few cells. While in SERS based protocol, genome DNA is extracted from approximately 10^6^ cells, so the T/C ratio is an average of an enormous amount of cells. Second, SERS spectra and fluorescence images are acquired with two independent detection systems, the difference in the sensitivity of the two systems may have an impact on T/C ratios. Third, DNA probes are used in the SERS protocol while PNA probes are used in FISH assay, the difference in binding affinity of DNA and PNA probes can also alter the T/C ratio. However, the difference in the T/C ratio values does not affect the evaluation of the reliability of the SERS based telomere length measurement protocol. It is noteworthy that the SERS based protocol produces relative telomere length (i.e. T/C ratio). Absolute telomere length can be obtained by correlating the T/C ratio with Southern blot, which is also the way how absolute telomere length is acquired in FISH and HPA[@b22][@b29].

Next, the SERS based telomere length measurement protocol is used to evaluate the telomerase inhibition effect of the drug molecule azidothymidine (AZT). AZT can be incorporated into genome DNA (since its molecular structure is very similar to thymidine), and subsequently inhibit the catalytic ability of the telomerase reverse transcriptase (TERT), which eventually inhibits telomerase based telomere elongation[@b52][@b53][@b54]. In the experiments, HeLa and LNCaP cells are used as the model telomerase positive cancer cells. They are first incubated with AZT (0.8 mM) for 2 weeks. Previously published work suggested that 0.8 mM AZT can induce observable telomere shortening[@b54]. Then the genome DNAs are collected and subjected to telomere length measurement. Cells incubated in the absence of AZT are used as the control. The results are shown in [Figure 6](#f6){ref-type="fig"}. HeLa (1) and LNCaP (1) represent primary cells, HeLa (2) and LNCaP (2) represent cells incubated for 2 weeks in the absence of AZT, HeLa+AZT and LNCaP+AZT represent cells incubated with AZT for 2 weeks. For HeLa (2) and LNCaP (2), the calculated T/C ratios are comparable to HeLa (1) and LNCaP (1), indicating no telomere shortening has occurred during this time period. This is rational as telomerase in these cancer cells can maintain telomere length. While for HeLa+AZT and LNCaP+AZT, remarkable decrease in T/C ratios are observed compared with early PD cells and control cells. This means that with AZT present, the telomere elongation function of telomerase is well inhibited, resulting in telomere repeats loss, i.e. telomere length shortening. FISH assay is also performed and the results are shown in [Figure 7](#f7){ref-type="fig"} and [Figure 6 (b, d)](#f6){ref-type="fig"}. The fluorescence images and T/C ratios obtained in FISH also indicate shortened telomeres with AZT present. These results confirmed that AZT is an efficient telomerase inhibitor and the SERS based protocol is applicable in evaluating the inhibition effect of anti-cancer drugs.

Discussion
==========

As can be seen from the SERS spectra in [Figure 3](#f3){ref-type="fig"}, [Figure 4](#f4){ref-type="fig"} and [Figure 6](#f6){ref-type="fig"}, the SERS peak at 450 cm^−1^ seem to be higher in HeLa and LNCaP compared with that in early PD MRC5 cells (i.e. MRC5 (1) and MRC5 (2)). As shown in [Figure 3a](#f3){ref-type="fig"}, The Raman peak at 450 cm^−1^ is attributed to MB labeled Centro-probe. The fact that the 450 cm^−1^ peak in MRC5 is weaker than that in HeLa and LNCaP cells might be due to two reasons. First, in the experiments, the genome DNA extractions of HeLa and LNCaP have a higher concentration because these two cancer cells grow quite faster than MRC5 cells and more HeLa and LNCaP cells are used in genome DNA extraction than MRC5 cells. Higher genome DNA concentration means higher centromere concentration, and thus stronger Centro-probe signal. Second, the SERS spectra of HeLa and LNCaP are dominated by the signal of Centro-probe (i.e. MB), while the SERS spectra of early PD MRC5 are dominated by the signal of Telo-probe (i.e. TAMRA). Consequently, telomeres-to-centromere ratios (T/C ratios) of HeLa and LNCaP cells are smaller than that of early PD MRC5 cells ([Figure 4](#f4){ref-type="fig"} and [Figure 6](#f6){ref-type="fig"}). This is another reason why the SERS peaks of Centro-probe (450 cm^−1^, 1622 cm^−1^) in HeLa and LNCaP appeared to be higher than those of early PD MRC5 cells, while the SERS peaks of Telo-probe (628 cm^−1^, 1648 cm^−1^) in early PD MRC5 appeared to be higher than those of HeLa and LNCaP cells. However, it is not the absolute peak intensity but the intensity ratio between Telo-probe and Centro-probe that matters. Because variation in genome DNA concentration or Ag NPs density on the SERS substrate can cause obvious difference in the absolute SERS intensity. This is why centromere is used as the inner control for the calibration of the telomere length. Moreover, since T/C ratios of early PD MRC5 cells are larger than HeLa and LNCaP cells, this indicates that early PD MRC5 cells have longer or bigger telomeres than HeLa and LNCaP cells. This result is consistent with previously reported telomere lengths of the three cell lines[@b55][@b56][@b57][@b58]. Also can be seen from [Figure 4](#f4){ref-type="fig"} and [Figure 6](#f6){ref-type="fig"} is that FISH assay results in much larger error bars compared with SERS assay, this might be due to the fact that FISH only analyzes several cells while SERS protocol evaluates an enormous amount of cells. Consequently, SERS assay provides averaged results with smaller standard deviation. This means that compared with FISH, the presented SERS protocol can provide more accurate information on average telomere length. However, from another point of view, FISH can analyze single telomeres while the proposed SERS protocol is based on genome DNA extraction of a large number of cells. So even after correlating the T/C ratio of SERS assay with Southern blot, only the average value of the absolute telomere lengths can be obtained. The present SERS protocol can not provide individual telomere length of single cells. More effort is still needed to figure out a way to measure individual telomere length of single cells using SERS technique.

To test the reliability of the SERS based telomere length measurement method, genome DNA from three different batches of MRC5 cells with different PDL is tested and the results are shown in the [supplementary Fig. S4](#s1){ref-type="supplementary-material"}. As can been seen, the T/C ratios of different batches of genome DNA extractions correspond well with each other, indicating that the novel SERS based technique has a good reproducibility and reliability.

Conclusions
===========

A SERS based optical telomere length measurement protocol is presented and successfully realized. This protocol uses two different DNA SERS probes to simultaneously label telomeres and centromere, respectively. By measuring SERS signals and calculating the T/C ratios, information of telomere length can be obtained. FISH assay results confirm that the presented SERS protocol shows excellent reliability. The SERS based protocol can detect gradual telomere loss in MRC5 proliferation. It can also be used to evaluate the inhibition effect of telomerase inhibitors. This SERS based optical protocol does not require any PCR or electrophoresis procedures, which greatly simplifies operation. Besides, it is also cost-effective since no expensive PNA probe is needed. This easy-operation and reliable optical protocol is an attractive candidate for telomere length measurement and has a great potential in the investigation, diagnosis and therapeutics of telomeres/telomerase related diseases.

Methods
=======

Materials
---------

Silver nitrate (AgNO~3~), azidothymidine (AZT) and (3-aminopropyl)trimethoxysilane (APTMS) were purchased from Sigma-Aldrich. Absolute ethanol, sodium dodecyl sulphute (SDS), trisodium citrate dihydrate, NaCl, H~2~SO~4~ and H~2~O~2~ were purchased from Sinopharm Chemical Reagent Co., Ltd. Phosphate buffered saline (PBS, 10 mM, pH 7.4) and paraformaldehyde were purchased from Nanjing KeyGen Biotechnology Co., Ltd. Peptide nucleic acid (PNA) probes for FISH were purchased from Panagene (Korea). DNA probes were synthesized by Sangon Biotech (Shanghai) Co., Ltd. All the reagents were used as received. Deionized water (Millipore Milli-Q grade) with a resistivity of 18.2 MΩ/cm was used in all the experiments.

The sequences of PNA and DNA probes are as follows:

Cy3 labeled telomere PNA probe (TelC-Cy3): N-CCCTAACCCTAACCCTAA-C

FAM labeled centromere PNA probe (Cent-FAM): N-AAACTAGACAGAAGCAT-C

TAMRA labeled telomere DNA probe (Telo-probe): 5′TAMRA-CCCTAACCCTAACCCTAA-3′

MB labeled centromere DNA probe (Centro-probe): 5′MB-AAACTAGACAGAAGCAT-3′

Thiolated Telo-probe capturing strand: 5′-SH(CH~2~)~6~-TTATAGGG-3′

Thiolated Centro-probe capturing strand: 5′-SH(CH~2~)~6~-TTTAGCTTCTGTCTAGTTT-3′

Fabrication of the SERS substrate
---------------------------------

The SERS substrate was obtained by assembling silver nanoparticles (Ag NPs) onto glass slides. First, Ag NPs were synthesized by reducing AgNO~3~ with trisodium citrate dihydrate according to previously published literature[@b59]. Glass slide was sonicated in a piranha solution (75% H~2~SO~4~ and 25% H~2~O~2~) for 1 h and then rinsed with copious amount of water. After drying with argon, the glass slide was immersed in absolute ethanol containing 2% APTMS for 12 h. Then the glass slide was washed with water, dried under argon and subsequently immersed in Ag NPs solution for 12 h. Finally, the glass slide with Ag NPs assembled on it was carefully taken out, washed with water and dried under argon. Thus the SERS substrate was obtained.

Fabrication of the magnetic capturing NPs
-----------------------------------------

Gold coated magnetic nanobeads were synthesized according to previously published work[@b60][@b61][@b62]. To attach thiolated capturing strand, 300 μL (20 μM in PBS) of Telo-probe capturing strand or Centro-probe capturing strand was added to 300 μL of gold coated magnetic nanobeads. The mixture solution was sonicated for 10 s and shaken for 12 h. Next, 100 μL of the aging buffer (pH 7.4, 10 mM PBS, 0.6 M NaCl, 0.2% SDS) was added 10 times with an interval of 1 h. Finally, the capturing stand modified magnetic nanobeads were collected by magnetic separation. The sediments were dispersed in 150 μL of PBS and stored at 4°C before use. The Telo-probe capturing strand modified magnetic nanobeads were denoted as Telo-capture, while the Centro-probe capturing strand modified magnetic nanobeads were denoted as Centro-capture.

Cell culture and genome DNA extraction
--------------------------------------

Human cervical cancer cells (HeLa), human prostate cancer cells (LNCaP) and normal human embryonic lung fibroblasts (MRC5) were purchased from China Type Culture Collection. HeLa, MRC5 cells were cultured in DMEM and LNCaP cells were cultured in RPMI 1640. Cells were kept under standard cell culture condition (5% CO~2~, 37°C). Media were supplemented with 10% fetal bovine serum (GIBCO) and 1% penicillin--streptomycin (Nanjing KeyGen Biotech. Co., Ltd.). Genome DNA was extracted using a standard DNA extraction kit (KGA2750, Nanjing KeyGen Biotech. Co., Ltd.) according to manufacturer\'s instruction.

Telomere length measurement
---------------------------

For SERS based telomere length measurement, 25 μL of genome DNA extracts was mixed with 4 μL (10 μM in PBS) of Telo-probe and 4 μL (10 μM in PBS) of Centro-probe. The mixture was incubated on a Bio-Rad S1000 thermal cycler at 78°C for 10 min, 65°C for 5 min, 55°C for 5 min and 23°C for 12 h. Then 25 μL of Telo-capture and 25 μL of Centro-capture were added, the mixture solution was shaken for 3 h at room temperature. After that, the mixture solution was subjected to magnetic separation. Finally, the supernatant was dropped onto a SERS substrate for SERS measurement.

For FISH assay, cells were first seeded into 35 mm culture dish (glass bottom) and incubated for 24 h. Then the cells were fixed by 4% paraformaldehyde at room temperature for 20 min. After washing the culture dish twice with PBS, *in-situ* hybridization was performed according to manufacturer\'s instruction. When the FISH reaction was completed, the culture dish was dried under argon, sealed with antifade solution (Beyotime) and covered with cover slide. Finally, the culture dish was subjected to fluorescence measurement. Fluorescence images are analyzed by ImageJ software.

Instruments
-----------

Extinction spectra were measured by a Shimadzu UV-3600 PC spectrophotometer with quartz cuvettes of 1 cm path length. Transmission electron microscope (TEM) images were obtained with an FEI Tecnai G^2^T20 electron microscope operating at 200 kV. Scanning electron microscope (SEM) images were obtained by a Zeiss Ultra Plus electron microscope with 15 kV accelerating voltage. Fluorescence images were acquired by a confocal laser scanning microscopy (FV 1000, Olympus) with a 60× microscope objective. SERS spectra were recorded with a JOBIN YVON T64000 Raman system at 632.8 nm excitation using a 50× long working distance objective. The laser power was 13 mW at the sample position. The integrating time was 20 s.
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![(a) Detection procedures of the proposed telomere length measurement protocol. (b) Schematic illustration of the hybridization between Telo-probe, Centro-probe and the genome DNA. Genome DNA is artificially drawn as diploid for better demonstration.](srep06977-f1){#f1}

![Characterization of the SERS substrate.\
(a, b) SEM images of the SERS substrate. (c) TEM image of the Ag NPs, the inset shows the photograph of the blank glass slide (1) and SERS substrate (2). (d) Extinction spectra of the Ag NPs solution, blank glass slide and SERS substrate.](srep06977-f2){#f2}

![(a) SERS spectra of the Telo-probe and Centro-probe. (b) SERS spectra obtained in the experiments, using genome DNA extracts of LNCaP, HeLa and MRC5. In blank control, DNA extracts are replaced by PBS solution. The SERS spectra were placed in parallel for clarity.](srep06977-f3){#f3}

![(a) SERS spectra obtained using genome DNA extracts of MRC5 (1), MRC5(2) and MRC5 (3). (b) Calculated T/C ratios in SERS and FISH assays. MRC5 (1): primary cell, MRC5 (2): PDL = 20, MRC5 (3): PDL = 40. In SERS assay, 8 SERS measurements are performed for each sample, and the error bars represent the standard deviation of the 8 measurements. In FISH assay, 30 cells are analyzed for each sample and the error bars represent the standard deviation of the 30 cells.](srep06977-f4){#f4}

![Fluorescence images obtained in FISH experiments.\
(a) MRC5 (1), (b) MRC5 (2), (c) MRC5 (3). The first column is fluorescence images of the telomere, the second column is fluorescence images of the centromere, the third column is fluorescence images of the nucleus, and the last column is merged images of the telomere, centromere and nucleus. For telomere the excitation wavelength is 543 nm and 585--615 nm lights are collected, for centromere the excitation wavelength is 488 nm and 500--530 nm lights are collected, while for nucleus the excitation wavelength is 633 nm and 670--700 nm lights are collected, respectively. The experimental parameters (i.e. laser power, scanning speed etc.) are kept the same.](srep06977-f5){#f5}

![(a) SERS spectra obtained using genome DNA extracts of HeLa (1), HeLa (2) and HeLa+AZT. (b) Calculated T/C ratios of HeLa cells in SERS and FISH assay. (c) SERS spectra obtained using genome DNA extracts of LNCaP (1), LNCaP (2) and LNCaP+AZT. (d) Calculated T/C ratios of LNCaP cells in SERS and FISH assay. In SERS assay, 8 SERS measurements are performed for each sample, and the error bars represent the standard deviation of the 8 measurements. In FISH assay, 30 cells are analyzed for each sample and the error bars represent the standard deviation of the 30 cells.](srep06977-f6){#f6}

![Fluorescence images obtained in FISH experiments.\
(a) HeLa (1), (b) HeLa+AZT, (c) LNCaP (1), (d) LNCaP+AZT. The first column is fluorescence images of the telomere, the second column is fluorescence images of the centromere, the third column is fluorescence images of the nucleus, and the last column is merged images of the telomere, centromere and nucleus. Experimental parameters are kept the same to [Figure 5](#f5){ref-type="fig"}.](srep06977-f7){#f7}
